The production of electricity by European nuclear power plants with various types of reactor installations in the period from 1995 to 2017 was considered. For each nuclear power plant in Europe, the median specific emission indicators of tritium and carbon-14 (GBq/GWh) were calculated. Depending on these indexes, all stations were divided into 3 types: with the best, stable and the worst emission practices. A conservative estimate of the contribution of various reactor facilities to the activity of tritium and carbon-14 in the atmosphere was made. To assess the activity of tritium and carbon-14 entering the atmosphere as a result of emissions from the research nuclear reactor an experimental stand was developed.
INTRODUCTION
Currently nuclear power is an integral part of human life and accounts for more than 10% of the electricity produced in the world [1] . An important practical way to confirm the safe operation of nuclear power plants in the field of environmental protection is monitoring of radionuclide emissions into the atmosphere [2] . More than 90% of European NPPs included tritium and carbon-14 in the emissions monitoring program [3] due to the main contribution to the population dose of these radionuclides [4] ( Fig. 1 ). The aim of this paper is to assess the effluence and ingrowth of tritium and carbon into the atmosphere from releases of various types of reactor facilities.
SOURCES OF TRITIUM AND CARBON-14
2.1. Natural sources Natural carbon-14 results from the reaction of the cosmic neutrons and nitrogen: 14 N(n,p) 14 C. Other reactions: 15 N(n,α) 14 C, 16 O(p,3p) 14 C, 17 O(n,α) 14 C, 13 C(n,γ) 14 C contribute insignificantly due to the low reaction cross section and the low concentration of isotopes in the natural mixture of elements [5] .
The total activity of natural carbon-14 in the atmosphere is about 1.4×10 17 Bq [6] .
Natural tritium is constantly formed in the upper atmosphere due to the reactions: 14 N(n,T) 12 C and 16 O(n,T) 14 N.
The total continuous activity of natural tritium is estimated to be from 1.85×10 18 to 4.50×10 18 Bq [7].
Nuclear weapon testing
One of the main sources of tritium and carbon-14 in the 20th century was the nuclear weapon testing in the period from 1945 to 1980. The total activity of tritium and carbon-14 released into the atmosphere was 2.4·10 20 and 2.5×10 17 Bq, respectively [5, 8] .
Nuclear power plants
For some nuclear power plants, tritium enters the atmosphere from both organized sources (ventilation system pipes) and unorganized sources (spray ponds and technological reservoirs) [9, 10] . The main sources of tritium [11] are:
• triple fission of fuel nuclei; • (n,γ) reaction on the nuclei of deuterium located in the coolant -water;
• neutron capture by boron and lithium nuclei located in the coolant (during boron regulation, correction of the water regime at nuclear power plants with pressurized water reactors -PWR) and in control rods;
• reaction 3 He(n,p)T in the gas circuit (in the gas filling the graphite plenum) of light-water graphite reactors (LWGR);
• (n,T) and (n,p) reactions of fast neutrons and nuclei 14 N, 6 Li, 10 В, 40 Са and others, presented in various structural materials of the reactor.
During nuclear reactor operation, carbon-14 is mainly formed as a result of neutron activation reactions of various nuclei present in structural materials, fuel elements, moderator and coolant. The main sources of carbon-14 at nuclear power plants are [12] :
• triple fission of uranium and plutonium in nuclear fuel;
• reaction 18 O(n,α) 14 C (for water reactors);
• reactions 13 C(n,γ) 14 C and 14 N(n,p) 14 C (reactors with a graphite moderator);
SPECIFIC EMISSION INDICATORS OF TRITIUM AND

CARBON-14
To assess the release of tritium and carbon into the atmosphere during the normal operation of a reactor facility, specific emission indicators were calculated. They allow to compare the emissions of different reactors, independently of their capacity. The specific indicators were obtained on the European Commission reporting information and annual emissions of European NPPs [13] and IAEA data on the electric energy generation [14] . The dimension of the indicator GBq/GWh was chosen to demonstrate the scales of both emissions and energy production.
The analysis of specific indicators of tritium and carbon-14 emissions into the atmosphere was carried out for 76 European NPPs for the period 1995-2017. The sample size for annual specific emissions indexes, including the omissions in the database, amounted to 1243 and 1119 entries for tritium and carbon-14, respectively (Table 1) . 
Dynamics of specific indicators
The hypothesis that the specific indicators are described by the normal distribution was rejected by the criteria of Shapiro-Wilk and Kolmogorov-Smirnov [15, 16] . For all indicators, a significant excess of the average over the median values is noticeable, which indicates a strong deviation of the probability distributions of the obtained data from the normal curve. In this regard, it was decided to use median specific emission indicators, since the median is less sensitive to statistical emissions, in contrast to the average. The dynamics of median specific indicators is shown in Figures 1, 2 . As seen from Figures 1-2 , gas-cooled reactors (GCR) and their second generation, advanced gascooled reactors (AGR), have the largest specific indicators of tritium and carbon emissions. Currently there is no NPP with an old-type gas-cooled reactor operating in Europe. The last GCR nuclear power plant, Wylfa (UK), was decommissioned in 2015. For the AGR, a decrease in the specific indicators of tritium emission into the atmosphere is generally noticeable, while the carbon-14 emission indicators tend to increase.
The significance of temporary linear trends in specific indicators was estimated using Spearman's rank coefficients (Table 2) , and the significance level of the trend was 0.05 [17] . In Table 2 , N -number of observations, R -Spearman criterion. 
Best, stable and worst practices
The calculation of the average ranks (Ri,j) according to Equation 1 made it possible to divide all European nuclear power plants into 3 categories: with the best, stable and worst practice of tritium and carbon-14 emission. The quartile values are shown in Table 1 . Table 3 shows the number of nuclear power plants in each category. The best practice category is expected to be dominated by reactors with the lowest specific tritium and carbon-14 emission indicators: boiling water reactors -BWR (69% of all European BWRs) and pressurized water reactors -PWR (49% of all European PWRs), respectively. At three nuclear power plants with PWR: Isar 1, Krümmel, Philippsburg (all Germany), the specific indicator of tritium emission from 1995 to 2017 did not exceed 0.034 GBq/GWh (q1 quartile value). For carbon-14, the same result was shown by Trillo NPP (Spain).
In the category with stable practice, for tritium emissions, NPPs with PWR type reactors (75% of all European NPPs of this type) are predominantly represented, while for carbon-14 emissions these are BWR reactor facilities (77% of all European BWRs).
The Worst Practices category for both tritium and carbon-14 are mainly presented by GCR and their second generation -AGR. These types of reactor installations are not widespread and are present only in the UK.
Conservative estimate of tritium and carbon-14 releases into the atmosphere
According to the information described earlier, specific indicators of tritium and carbon-14 releases were calculated for each type of the reactor facility. Using these indicators and electricity generated data by NPPs since 1954 a conservative estimate of tritium and carbon-14 intake into the atmosphere was made. The conservative estimate does not consider the decomposition of nuclides and their distribution in compartments. In Figures 4-5 , the comparison of different sources of tritium and carbon-14 is presented. Studies of gas-aerosol mixture emissions in ventilation systems of Russian nuclear power plants are presented in [18] . The obtained results demonstrate that the contribution of tritium and carbon-14 as a dose-forming nuclide can reach 52% and 98% respectively.
Sources of tritium and carbon-14 in research nuclear reactors
As an object of the research, the IVV-2M research nuclear reactor, which is an analog of VVER, was chosen. The nuclear installation is located at the Institute of Nuclear Materials, Zarechny. It was launched in 1966. Thermal capacity is 15 MW [19] .
The presence of tritium in the emissions of IVV-2M is due to the following factors:
• a priori presence of tritium in distilled water;
• the reaction of the interaction of neutrons and boron while using boron control: 10 B(n,2α) 3 Н;
• the reaction of the interaction of neutrons and lithium-6 formed as a result of "poisoning" of beryllium blocks in the reactor core [20] : 6 Li(n,α) 3 Н;
• ternary fission. Carbon-14 is presented in the emissions of IVV-2M due to three factors:
• the interaction of neutrons and oxygen-17, present in the coolant (moderator) -water: 17 O(n,α) 14 C;
• the commercial production of carbon-14 in the form of aluminum nitride (AlN) [21] ;
• ternary fission.
Experimental stand
In order to confirm the data obtained earlier, an experimental stand was developed which allows sampling of tritium and carbon-14 and their further analysis by liquid scintillation spectrometry. To study the possible dynamics of tritium and carbon-14 emission during normal operation of reactor, the experimental assessment of their activity in the emissions of a research nuclear reactor was carried out with various reactor operation modes.
The functional scheme of the stand is shown in Figure 3 . The stand is connected to a standard gas-air mixture sampling system, which is formed during the operation of the reactor installation. An aerosol filter is installed to exclude the influence of beta-active aerosols on the measurement result of the samples. Two compressors are used as an air blower. At the inlet of both lines, a float flow meter is installed to control the instantaneous air flow. The air flow recommended for this sampling method is 0.6 l/min.
Results
The sampling of tritium in the form of HTO from the gas-air mixture is carried out via barbotage using three vials with distilled water. The total flow rate of the pumped gas-air mixture is determined using an integral meter installed at the end of the sampling line. Tritium volumetric activity is analyzed using a scintillation spectrometer.
Carbon-14 was sampled in the form of CO2. Water lock is needed to avoid tritium intake into the vials with NaOH, which is absorber for CO2. Ba(OH)2 is an indicator that reaction (2) is proceeding.
NaOH+CO2 = NaCO3+H2O
(2)
The results of measuring the volume activity of tritium and carbon-14 in the emissions of the research nuclear reactor are presented in As can be seen from Figure 4 , a decrease in the volume activity of tritium is observed during the shutdown of the reactor. This is due to the fact that the evaporation of HTO is less intense due to the fuel bundles being less heated in the absence of a chain reaction. The increase in the volume activity of carbon-14 in Figure 5 may be caused by the changes in the reactor core.
CONCLUSION
The analysis of the European Commission and IAEA data demonstrated that the lowest specific indicators of tritium and carbon-14 emissions are characteristic for BWR and PWR, respectively. The largest specific emission indicators for both radionuclides were showed by gas-cooled reactors (GCR and AGR).
The growth trend of specific carbon-14 emission indicators for AGR can be explained by the large age of stations with this reactor type (about 40 years) and, as a result, the degradation of technical components, as well as structural materials. In general, for specific indicators of carbon-14 emissions, a downward trend is noticeable. The increase in specific indicators of tritium emission is characteristic for gas-cooled reactors of the old type; however, currently there is no operating power plant with GCR (old type) in Europe.
A conservative estimate of the influx of tritium and carbon into the atmosphere showed that the global contribution of releases from the world's nuclear power plants of during the normal operation of the plants amounts to several percent of the natural activity of these radionuclides in the atmosphere. The main source determining the activity of tritium and carbon-14 in the second half of the 20th century were nuclear weapons tests from 1945 to 1980. Currently the activity of these radionuclides in the atmosphere is close to atmospheric activity in the period before the tests.
The estimated volumetric activity of tritium and carbon-14 in the emissions of the IVV-2M research nuclear reactor allows to calculate the effective dose at the critical point. For tritium the effective dose is 6.34 μSv/year, for carbon-14 -2.19 μSv/year. The obtained effective doses are insignificant and lower than the effective doses from the natural radiation background.
